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1.0 INTRODUCTION 

The expansion of laboratory efforts in fuel ce l l s  in the las t  s e v e r a l  yea r s  
has been noted for its urgency and aggressiveness .  Three  broad categories  
of fuel  cel l  sys t ems  have evolved - the ion membrane,  the liquid electrolyte 
(including electrolytes  absorbed in asbestos)  and high tempera ture  e lectro-  
lytes including fused sa l t  ma t r i ces  and ceramic  bodies. 

In this paper we shal l  concentrate on the activit ies of o u r  laborator ies  
in the a rea  of inorganic ion exchange membranes.  
to es tabl ish a background in the var ious  organic membrane fue l  ce l l  types 
suitable re ferences  a r e  available (1 ,2 ,3 ,4,  5). 

It is interest ing to note that the f i r s t  synthetic ion exchangers  were  a l so  
inorganic,  i. e . ,  the synthetic zeolites o r  Perrnut i ts(6) .  The subsequent deve- 
lopment of the organic exchanger res ins ,  with emphasis  on prac t ica l  applica- 
tions, completely dominated the field of ion exchange chemis t ry ,  and it was  
not until recently that ,  f o r  the reasons mentioned below, t h e r e  has been a 
resurgency of in te res t  in inorganic exchangers  and membranes .  

F o r  those r eade r s  desiring 

During recent  y e a r s  t h e r e  has been considerable r e sea rch  on inorganic 
cation exchangers.  The heteropolyacid salts, such as ammonium phospho- 
molybdate, and the acid salts of hydrous oxides,  such as zirconium phosphate 
have proven to be par t icular ly  interesting and the i r  investigation by 
r e sea rche r s  has been well  documented in a monograph by Arnphlett( ). Much 
l e s s  attention has been Kraus,  e t  al, (7) 

various hydrous oxides,  par t icular ly  the quadrivalent meta l  oxides,  such a s  
ZrO2, Sn02, ThO2, acd TiO2. Duwell and Shepard(9)  have prepared  mixed 
hydrous oxides anion exchangers in which a second cation of higher valence 
than the parent  cation is introduced into the s t ruc ture ,  the result ing net 
positive char  e being balanced by the presence  of exchangeable anions. 
Schoenfeld(lOk has done s i m i l a r  r e sea rch  on mixed oxide anion exchangers and 
has studied the relat ion between capacity and drying tempera ture  of the prec i -  
pitated gel. 

rum, 
iven to inorganic anion exchangers.  

as wel l  as Amphlett ,  (8 f have investigated the anion exchange proper t ies  of 

Pre l iminary  effor ts  in developinfi and character iz ing inorganic mem- 
branes  were  made by Dravnieks e t  al( Membranes  pro-  
duced during these investigations were  essent ia l ly  non adherent  compacts or 
membranes  produced by using teflon as a s inter ing adhesive.  These experi-  
mental  mater ia l s  w e r e  suitable f o r  obtaining some analyt ical  values but 
lacked the s t rength to  se rve  as prac t ica l  fuel cel l  membranes.  Moreover, 
they possessed  no capability f o r  extended operation at higher tempera tures  
such as 90° - 15OoC. The l a t t e r  capability is par t icular ly  of in te res t  since 
the tempera ture  range mentioned apparently is at least a minimal  pract ical  
requirement  f o r  hydrocarbon utilization in phosphate based fuel  ceI ls( l3) .  
Another implied requirement  and one that indeed is most  important  is the 

1, and Hamlen(lZ).  
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ability to re ta in  wa te r  in the membrane so that efficient electrolyte conductance 
can  be established. I t  is toward these ends and the attainment of high strength, 
and high electrolytic conductance and good water  retention that the Astropower 
Laborator ies  has striven(l4s 15). A good measu re  of success  has been achieved 
and the resu l t s  a r e  r epor t ed  below. 

The pr incipal  membrane  activity has been focused on the inorganic poly- 
m e r ,  Z r P 0 4 .  Essent ia l ly ,  the reason for  our  in te res t  in this polymer is that a 
good deal  of laboratory information exis ts  relative to this mater ia l  and consid- 
e rab le  success  h a s  been achieved in  these laborator ies  in developing strong 
conductive zirconium phosphate. 
to  have interest ing p rope r t i e s  in hydrocarbon oxidation(13). 

T e s t s  of the cation exchange capacity of zirconium p 
l abora tor ies  have duplicated resu l t s  of other invest igatorsw? 4. Th? s t ruc ture  
of z i rconium phosphate a s  a n  inorganic polymer with exchangeable H 
at tached to fixed ionic groups  has been proposed by other investigators as(16), 

The phosphate group a s  noted above appears  

s hate in these 

ions 

- - - - 
O P 0 3  0p03 

n. ,+ 
I I 

I I 
0PO3 0 P O 3  

Z r  - 0-Zr-Cj-t OIVL 

where  the M+ are hydrogen ions o r  exchangeable cations a t t rac ted  to the nega- 
tively charged phosphate groups.  
a r e  two exchange s i tes  p e r  phosphate group, corresponding to the two dissoci-  
ble hydrogens, and this  assumption was the bas i s  fo r  calculating the theoreti- 
ca l  cation exchange capaci ty  of 13. 3 meq/g.  Table I indicates the theoret ical  
and actual  capacities of t h ree  cation exchangerAl7). The observed capacity of 
3 . 2  meqlg  a t  pH 6, however, would s e e m  to indicate that only one hydrogen 
pe r  phosphate group i s  replaceable ,  and hence the maximum attainable capa- 
city may be 6.65 meq/g.  K r a ~ s ( ~ )  has made s imi la r  observations concerning 
the number of replaceable  hydrogens. 

It s eems  reasonable to assume that there  

Clear ly  a number of acid sa l t s  may have utility as hydrogen-oxygen 
fuel ce l l s  as  well a s  having applications in  hydrocarbon fuel  cells. 
vestigation of such sa l t s  h a s  been performed in these laborator ies( l j f  and by 
European investigators(18). 
f r o m  tin and titanium phosphates by joining the par t iculate  phosphates with 
organic  binders such a s  carboxymethyl cellulose. 
fac tory  resu l t s  a t  25OC but  do not appear  sat isfactory for  applications a t  
e lev a te  d temp e r atu r e s . 

he in- 

The la t te r  made successful  fuel  cel l  membranes 

The membranes  gave sa t i s -  

T h e  use  of sol id  ac id  phosphate membranes  has advantages over  liquid 
phosphoric acid as a n  e lec t ro ly te  medium f o r  hydrocarbon oxidation. Pr inc i -  
pally, these a re  compactness ,  position insensitivity, and, in par t icular ,  lack 
of co r ros ive  attack. In the  investigation of these membranes seve ra l  techni- 
c a l  fac tors  have combined to furn ish  us  with a good solid electrolyte f o r  hy- 
drocarbon utilization and tes t ing,  These a re :  

1. Special techniques f o r  forming s t ron  cohesive membranes (15). 
2. The attainment of high c o n d ~ c t i v i t i e ~ ~ ~ ) .  



-145- 

3. 

4. 

5. Hydrolysis t e s t s  indicating the inherent stability of the inorganic 

The ability if required to implant catalyst  mater ia l s  direct ly  in  the 
membrane[l4* 15). 
The incorporation of water  balancing agents which enable the fuel  
cel l  e lectrolyte  to operate  as high as 15OoC( 15)* 

phosphate membrane(l4). 

2 .0  EXPERIMENTAL 

' 2.1 Membrane Prepara t ion  - Non-Sandwich Type 

A 1:l - mixture rat io  of ZrOZ and H3P04 was prepared  and s in-  
t e r ed  a t  a tempera ture  of 50OoC. The s intered mater ia l s  w e r e  crushed and 
ground to minus 80 mesh  and mixed with equal pa r t s  of H3P04 and "Zeolon 
H" a Norton Company sieve mater ia l .  The "Zeolon HI' i s  one of a group of 
water  ba1anc.n 
experiments('8. These  mixtures  w e r e  dr ied  for  16 hours  a t  13OoC and then 
granulated to minus 32 plus 80 mesh. 
load into 2-in. d iameter  membranes  having the thickness of the o r d e r  of 0. 7 
mm. 
The t r ansve r se  break s t rengths  of these resulting membranes  were  de te r -  
mined and were  about 5000 ps i  ? 100. 
about 4 ohm-cm a t  llO°C and 100% R .  H. 

agents developed and used a t  Astropower Laboratory in these 

Next, they were  p re s sed  a t  15-ton 

Finally they were  s in te red  a t  t empera tures  of 5OO0C for  two hours .  

The resis t ivi t ies  of the membrane was 

2 .2  Membrane Prepara t ion  - Sandwich Type 

Basically, this technique involves the formation of a fuel cel l  
membrane  catalyst  composite consisting of th ree  layers  of ma te r i a l  which 
a r e  pressed  and s in te red  together. The center  layer  is comprised of mem- 
brane  mater ia l  s imi l a r  to the mix descr ibed in 2.1, and the t w o  outer  
layers  which a r e  bonded to the center  layer  a r e  mixtures  of the same  mem- 
brane mater ia l  and platinum black, 
was formed i n  the following manner: 

The composite th ree-  sectional membrane 

A weighed amount of the platinum-bearing material is placed in  
the press ing  die, followed by a layer  of the membrane ma te r i a l  and a second 
layer  of the catalyst-bear ing mater ia l .  
the assembly  (two-inch d iameter )  is p re s sed  a t  15 tons total  load. 
press ing  the composites are placed on flat, smooth re f rac tory  plates  and 
s in te red  in a i r  for  two hours  a t  50OoC. 
the composite membrane-catalyst  wafer  w a s  impregnated with 8570 phosphoric 
acid,  oven-dried a t  12OoC and s in te red  at 5OO0C for  two hours. This  impreg-  
nation procedure was  repeated two more  t imes.  

The top punch is then inser ted  and 
After  

After  cooling t o  room tempera ture ,  

2 .3  Fuel  Cel l  Assembly and Operation 

A design of a typical fuel ce l l  uni t  is shown in F igure  1. Assembly 
of the fuel cel l  is per formed by placing e i ther  type of membrane  in the 
recessed  metal  casing which has been t rea ted  with a f i lm of silicone resin.  
Platinum o r  p a l l a d i u m p o d e r  is spr inkled on both sur faces  of the membrane 
and screen  electrodes p re s sed  up against  the catalyst  on e i ther  side. When 
sandwich membranes  a r e  used,  additional catalyst  is not required. The 
catalyst  loading is a total  of .025 g. cm-2.  
the assembly  bolted together 
min. -' and f o r  oxygen 4 cm' min. -l. 
in an oven in the tempera ture  range 50' - 15OoC. 

The O-r ings a r e  put in place and 
The flow ra te  of the hydrocarbon is 2 cm3 

The ent i re  configuration is operated 
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3.0 RESULTS 

The performance of t he  fue l  ce l l  configuration when fueled with hydrogen 
and oxygen were encouraging in proving the capability for  operation of the 
"water" balanced z i rconium phosphate in the tempera ture  range extending f rom 
about 5OoC to 15OoC. 
sys t em a r e  shown in F igu re  2 .  
depicted graphically range f r o m  300 - 1000 hoursP4). The s table  performance 
of the sys tem over  the 5OoC - 15OoC led u s  to  believe 

Some of the resu l t s  obtained fo r  the hydrogen-oxygen 
The duration of t e fuel cel l  performance 

at i t  was  sui t -  
able  f o r  prel iminary t e s t s  as a hydrocarbon fuel  cell.( fh 

Eifor ts  w e r e  then initiated with hydrocarbon fuels and oxygen. These  
w e r e  ethane, propane, butane and propylene. 
F igu re  3 for  propylene, F i g u r e  4 fo r  ethane, F igure  5 fo r  propane and 
F igure  6 for  butane. 
of stabilized performance.  

4.0 DiSCUSSION 

Per t inent  data is  shown in 

Polar iza t ion  points w e r e  recorded  a f t e r  five minutes 

F igure  2 is i l lus t ra t ive  of the fact that the membrane  sys tem employed 
is functior-11 over  the range 50° - ljO°C. 
a tu re s  have led to de te r iora t ion  of fuel ce l l  performance.  This  can  be a t t r i -  
buted to  the lack of effect iveness  of the "water balancing" agent contained in  
the membrane.  A secondary  effect, perhaps,  is that the par t ia l  p re s su re  of 
water  in t l e  vicinity of the electrode-catalyst  may thereby become consider-  
ably higher, making a c c e s s  of the hydrocarbon and oxygen to the reaction 
interface more difficult. 

Attempts to move t o  higher  temper-  

F igure  3 fo r  propylene indicates that performance of the hydrocarbon 
fuel ce l l  appears  to improve  with elevated tempera ture ,  (as would be  anti- 
cipated) until the vicinity of 150°C is attained. 
improved performance (with tempera ture)  but indicates that a sat isfactory 
electrolyt ic  cor,ductive mechanism could not be maintained a t  15 due to 
"water  balancing" agent deficiency. Tes t s  in  these laboratories(l'5 have 
indicated that other "water  balancing 'mater ia ls  may be more  effective. 

This  does not preclude 

5.0 CONCLUSIONS 

1. 
ductance in a fue l  c e l l  membrane  at elevated tempera tures  is the 
p re sence  of a w a t e r  balancing agent. 
membrane itself may  have th i s  property. 

2 .  
rolytic environment f o r  hydrocarbon oxidation in fuel  ce l l s  between 
100 - 15ooc. 

The essent ia l  e lement  in  the maintenance of an  electrolytic con- 

An exception may be that  the 

Phosphate based  inorganic  membranes  se rve  as a shitable elect- 
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TABLE I 

THEORETICAL AND OBSERVED CAPACITIES 

FOR INORGANIC CATION EXCHANGERS 

Assumed Mathematical Observed 
Ratios for Calculating Molecular Theoret. Capacity 
Theoret.  Capacity Weight Capacity (meq/g) 

? 

6 0 5 n  3.3 .2.1 

442n 9 . 0 5  2.0 
(4. 52)9 

H+ 
H + Q P O ~ =  

Zirconium -? r -O-  3019 13. 3 3.2 
p ho sp ha te H t 0 p 0 3 =  ( 6 .  65):: 

H+ n 

I I + Q W O ~ -  
Zircozkim -Tr -O-  
turgstate H + O W O ~ -  n 

Ht 
H + O P O ~ =  

phosphate H+ OPO 3 = 
Tho r ium - t h - 0 -  

Hf n 

:?Value in parentheses  r ep resen t s  theoretical  capacity if only one hydrogen 
ion p e r  phosphate group is exchangeable. 
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Figure 1. Hydrocarbon Teat Fuel Cell 
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Figure 2. Polarixation Curvea for Hydrogen-Oxygen 
Inorganic Membrane Fuel Cell 
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Figure 3. Polarization Curves for Propylene-Oxygen 
Inorganic Membrane Fud Cell 
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F~QUN 4. Polarization C u m  for Hhane-Oxygen Inorganic 
Membrane Fuel Cell 
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